The paper reports on calculations of the flow properties in low-temperature He free-jet expansions by means of the Lennard-Jones potential and the recently appearing He-He van der Waals potential based on perturbation theory. The calculated speed ratios are compared with both the values we measured in the 20-80 K source temperature range and data which were already reported. The comparison points out a better agreement of our experimental results with the speed ratio values obtained by the recent potential whenever the parallel temperature of the beam decreases below 10 Ϫ2 K. In the same temperature range the light He-cluster size is analyzed. ͓S1050-2947͑99͒01004-5͔
In recent decades, highly expanded nozzle beams found a large number of important applications in molecular physics ͓1͔. In particular, He is well suited to produce supersonic beams since its quantum properties lead to a higher centerline intensity and narrower velocity distribution than could be obtained with heavier gases ͓2͔. These features recently enabled, for instance, a deeper insight into a large class of phenomena which occur on crystal surfaces at temperature close to melting, i.e., anharmonicity, surface diffusion, or roughening ͓3͔. Therefore, the aim of this work is to explore the possibility of producing He-nozzle beams with extremely high energy resolution from both a theoretical and experimental point of view.
Until now, the evolution of the expanding He-beam velocity distribution was calculated at liquid nitrogen and room nozzle temperatures by Toennies et al. ͓2͔ assuming simple three parameter ͑12-6-8͒ potentials reverting back to the well-known Lennard-Jones ͑LJ͒ curve as a special case. Those authors found a good agreement with the experimental data collected at a nozzle temperature of 300 K for the LJ potential and the same result was obtained by Brusdeylins et al. ͓4͔ a few years later at 77 and 30 K. However, more refined potential models which attempt to account for the unique low-temperature behavior of helium and to reproduce a larger fraction of the experimental data ͑see, e.g., Ref. ͓5͔ for a historical review͒ are reported in the literature. In particular, a realistic He-He interaction potential must support a weakly bound dimer state whose detection ͓6͔, although questioned ͓7,8͔, was recently confirmed with nondestructive transmission diffraction experiments ͓9͔. Among modern potentials, the van der Waals potential with Duman-Smirnov repulsive contribution derived from the perturbation theory by Tang, Toennies, and Yiu ͓10͔, hereafter called the TTY potential, satisfies the above requirement. Without any adjustable parameter, it agrees with recent ab initio results ͓11͔ as well as with quantum Monte Carlo calculations ͓5͔ and semiempirical potentials ͓12͔. Moreover, it has a simple analytical form which allows a straightforward comparison with the available data.
As far as we are aware, the TTY potential is used in this paper for the first time to calculate the evolution of He-flow properties during free-jet expansion in the source temperature and pressure ranges 20-80 K and 2-16 bars, respectively, in which the data were collected. Calculations performed with the LJ potential are also shown to enable a fruitful comparison with the present and previous data. Moreover, the size of the neutral He clusters appearing just before the dramatic decrease in the beam speed ratio is discussed.
To describe the He free-jet expansion, we solved the Boltzmann equation for the beam velocity distribution f (v ជ ) using the theoretical method described in Refs. ͓13,14͔. Briefly, the first basic assumption is to treat the expansion beyond the nozzle as spherically symmetric. Moreover, to take into account that the parallel and perpendicular velocity components with respect to the streamlines behave differently during the expansion, an ellipsoidal velocity distribution which consists of two Maxwellians with different temperatures ͑denoted, respectively, with T ͉͉ and T Ќ ), i.e.,
was assumed. Here m is the mass, n is the number density, and u is the average velocity of the expanding gas. We obtained the evolution of the parameters n, u, T ͉͉ , and T Ќ with the distance from the source x by solving numerically, using the standard Runge-Kutta computation procedure ͓15͔, a set of four coupled integro-differential equations deduced from the Boltzmann equation by the method of moments ͓2͔. The integration begins at rϭx/dϭ2.5 (d is the nozzle diameter͒, where the spherically symmetric model was found to be a good approximation ͓16͔. The initial parameters were evaluated from the source conditions using the analytical formula of Ref. ͓17͔ for the isentropic expanding gas. To stop the expansion we checked the evolution of the ratio bϭT Ќ /T ͉͉ from the initial value bϭ1, corresponding to equilibrium, through bϭ0 ͑corresponding to molecular flow͒ at x/d →ϱ. We assumed negligible collisional coupling at b *Author to whom correspondence should be addressed. FAX:
ϩ39 010 3622790. Electronic address: tatarek@fisica.unige.it PHYSICAL REVIEW A APRIL 1999 VOLUME 59, NUMBER 4 PRA 59 1050-2947/99/59͑4͒/3084͑4͒/$15.00 3084 ©1999 The American Physical Society р0.01 because the calculations up to bϭ0.005 produced no change in the flow parameters within a range less than 0.1%. The solution of the set of equations depends on the intermolecular forces between the expanding gas atoms through the collision integral
where T eff is an effective average temperature varying between T Ќ and T ͉͉ , Q (2) is the viscosity cross section, and E is the collision energy of two atoms in the center-of-mass system. We calculated the scattering cross section and the associated collision integral taking into account quantum effects which are quite important for He at temperatures below 10 K ͓18͔. For collisions between Bose-Einstein particles,
where l is the phase shift of the partial wave with orbital angular momentum l. Phase shifts were evaluated employing the standard computation procedure described in detail in Ref.
͓19͔ and the Runge-Kutta method ͓15͔ for the numerical integration of the Schrödinger equation. The He-He interaction is described by the LJ ͑12-6͒ ͓20͔ and the TTY ͓10͔ potentials whose shapes are compared in the inset of Fig. 1 . Figure 1 shows the reduced viscosity cross section versus the reduced collision energy. According to the effective range theory, the remarkably large differences which can be noted in the Q (2) behavior, especially at the lowest energies, are directly related to the energy difference of the supported bound state ͓21͔. The effect of different initial conditions ͑of the expanding beam͒ on the flow properties is investigated in the two panels of Fig. 2 , where the evolution of the calculated parallel temperature and of the most probable cross section Q mp (2) with x/d are shown. Q mp (2) is defined as the value of Q (2) at E mp ϭ 5 2 k b T eff , which is the maximum of the weighting function in the collision integral ͓see Eq. ͑1͒, where we set T eff ϭT ͉͉ ]. First, we note that for both potentials the minima in the cross sections are coupled to a shoulder in the T ͉͉ behavior, i.e., to a drop in the temperature decrease rate, while the opposite is observed at the crosssection maxima. This suggests direct correlation between the local temperature and Q (2) despite the averaging over the relative velocity distribution in the collision integral. This correlation brings about the differences in the TTY and the LJ parallel temperature behavior. In fact, as long as the temperature of the expanding gas remains above ϳ10 Ϫ2 K, the TTY most probable cross-section curve is just below the LJ one leading to slightly greater T ͉͉ values. That is what happens during the whole expansion described in panel ͑a͒. On the contrary, if T ͉͉ decreases below 10 Ϫ2 K ͑which corresponds to E mp ϳ10 Ϫ3 meV on the energy scale͒, as it happens in the final stages of the expansion described in panel ͑b͒, the TTY most probable cross section becomes remarkably higher than the LJ one leading to a supercooling of the TTY beam with respect to that described by the LJ potential.
To check the different behaviors of the parallel temperature pointed out by calculations, we performed measurements of the terminal velocity distribution in free-jet expansions with the He-atom beam line recently set up. Briefly, the beam particles leaving the high pressure, P 0 ϭ2 -16 bars, low temperature, T 0 ϭ22-79 K, source through a d ϭ10 m nozzle are skimmed, chopped mechanically in short pulses of a few s widths, and differentially pumped. Thereafter, they are ionized by electron impact after an ϳ1.89 m flight path, mass analyzed, and detected. The nozzle-skimmer distance is 20 mm and T 0 is kept stable within 0.03 K during measurements.
More than 100 time-of-flight spectra were collected at different source parameters and analyzed to estimate the Hebeam intensity I He ϩ and the energy resolution. The analysis was performed fitting each spectrum by a constant, which accounts for the He background in the detector stage, and the ellipsoidal function converted into the time scale. This last was integrated to obtain the beam intensity while the contributions of the finite chopper opening time and the detector arrival time spreading were quadratically subtracted from its standard deviation to estimate the full width at half maximum of the beam, ⌬t 0 ͓22͔. Finally, the measured speed ratio obtained as S expt ϳ1.65(t 0 /⌬t 0 ), where t 0 is the peak position, was compared with the theoretical value S ϭ ͱ 1 2 mu 2 /(k b T ͉͉ ) calculated at bϭ0.01 for the considered potentials. Figure 3 reports the calculated LJ and TTY terminal speed ratios of the expanding beam as a function of the source temperature at P 0 dϭ2 and 4 mbars cm together with our experimental data. The two P 0 d values were chosen to compare our results with the data of Ref. ͓23͔ and Ref. ͓24͔. First of all, the figure points out that all the data agree at the liquid nitrogen temperature. Moreover, the upper panel shows that, in going from the liquid nitrogen temperature until about 40 K, our results are more likely described by the LJ potential curve even though the LJ and TTY curves can hardly be distinguished in this temperature range. Thereafter, any further T 0 decrease makes our data follow the TTY predictions, thus overhanging the LJ expected values, until they collapse and strong deviations from both potentials appear. A similar behavior is also shown below about 50 K by the data we collected at P 0 dϭ4 mbars cm. Although the observed speed ratio drop-off is a common feature to all the data reported in Fig. 3 and can be regarded as a clear indication of the onset of condensation, speed ratio values close to those predicted by the TTY potential are peculiar to our data alone. Now we can speculate the reason why speed ratios higher than predicted by the LJ potential were not observed before. The data from Ref. ͓23͔ show the beam parallel temperature T ͉͉ cooled down to ϳ0.01 K at most. Therefore, the temperature range in which the cross sections differ largely was not explored in that case. On the contrary, the data from Ref. ͓24͔ do extend to T ͉͉ ϳ0.002 K more likely following the LJ predictions. In the absence of any data analysis description, we can argue the crude data which were reported. In this case the speed ratio values are decreased with a larger effect on higher values, thus masking any deviation from the LJ potential.
To have a better understanding of the supersonic expansion in the low-temperature range, T ͉͉ Ͻ0.01 K, we searched for the presence of light He clusters in the beam setting the spectrometer at mϭ8 amu, thus looking for the He 2 ϩ signal. It is well known that this signal might appear for several reasons other than direct ionization of the dimer, including collision processes in the ionizer and ionization of large clusters followed by fragmentation ͓24͔. Now, within a model similar to the sudden-freeze one ͓25͔, the ratio between the density of clusters of size N and the monomer density in the expanded beam behaves for monatomic gases as N / 1 ϰ P 0 NϪ1 , whenever the freezing temperature slowly depends on the source density ͓6,26͔. Resting on this result, the He ϩ and He 2 ϩ intensities measured at T 0 ϭ35.5 K are reported versus P 0 in the log-log plot of Fig. 4 . Since on decreasing the source pressure below 6 bars the measured terminal parallel temperature of the beam remains constant within Ϯ0.5 mK, the data in this pressure range were fitted with straight lines whose slopes resulted in 0.99Ϯ0.02 and 3.1 Ϯ0.1 for the monomer and the dimer ion signal, respectively. This suggests that in the present case the He 2 ϩ signal arises from the helium trimer fragmentation in the electron impact ion source. A similar behavior was also observed in Refs. ͓27,28͔ at source temperatures 4.2 and 7 K, respectively. In the first case the authors could not identify the parent cluster while in the second case a trimer parent was suggested. Finally, our interpretation confirms the recent results of Schöllkopf and Toennies ͓9͔. In that experiment, the fragile He 2 and He 3 clusters produced in the supersonic beam expansion were mass selected and nondestructively identified. Measuring the relative ionization and fragmentation probabilities, the authors concluded that at T 0 ϭ30 K, P 0 ϭ15 bars the observed He 2 ϩ signal was mainly due to trimer fragmentation and they estimated the ratio I He 2 ϩ /I He ϩ to be about 1.8ϫ10 Ϫ2 , in excellent agreement with the value of (1.8Ϯ0.2)ϫ10 Ϫ2 we measured at 30 K,16 bars.
Summarizing, we compared the He-nozzle beam speed ratios measured down to source temperatures of about 20 K with the calculated flow properties of the beam as derived both from the LJ and the more refined TTY interatomic potential. In particular, the TTY potential was proved to predict correctly the He-flow properties in the low-temperature range, i.e., whenever the beam parallel temperature decreases below 10 Ϫ2 K. This was demonstrated to be largely due to the higher viscosity cross section at energies below ϳ1 eV obtained for the TTY potential which correctly predicts the zero-energy resonance maximum in atomic collisions peculiar to the quantum He-He system. Finally, the size of the parent clusters producing the He 2 ϩ signal was studied. The data showed that the observed dimer intensity was mainly due to trimer fragmentation in the electron impact ion source.
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